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Applying transparent daytime screens in greenhouses in cool seasons reduces the amount of energy
needed for heating, but also the solar radiation available for crops. This can reduce yield and product
quality of leafy vegetables because of constrained photosynthesis and altered biosynthesis. To study this,
we cultivated ﬁve-week old red leaf lettuce (Lactuca sativa L.) for four weeks in growth chambers under a
photosynthetic photon ﬂux density (PPFD) of 225 and 410 mmol m2 s1, respectively. Some plants were
exchanged between radiation intensities after two weeks. We investigated the concentration of ﬁve
ﬂavonoid glycosides, three caffeic acid derivatives, reducing sugars as well as plant growth. Remarkably,
no signiﬁcant inﬂuence of radiation intensity on the concentration of phenolic acids or anthocyanin
glycosides was observed. In contrast, quercetin and luteolin glycoside concentration was between 14 and
34% lower in plants growing under lower compared to higher PPFD. Already after two weeks of culti-
vation, plants grown under lower PPFD contained less quercetin and luteolin glycosides but they
completely compensated if subsequently transferred to higher PPFD until harvest. Hence, marketable
lettuce heads which experienced temporary shading followed by an unshaded phase did not contain
lower concentrations of ﬂavonoid glycosides or phenolic acids. Also, there was no reduction of head mass
in this variant. Our results suggest that saving energy in early growth stages is feasible without losses in
yield or health promoting phenolic substances. In addition, there was a close correlation between the
concentration of reducing sugars and some ﬂavonoid glycosides, indicating a close metabolic connection
between their biosynthesis and the availability of carbohydrates.
 2013 The Authors. Published by Elsevier Masson SAS. Open access under CC BY-NC-ND license.1. Introduction
Flavonols, anthocyanins and phenolic acids protect plants from
direct and indirect damage caused by excess radiation due to their
antioxidant activity and by absorbing UV and visible radiation. They
prevent overexcitation of the photosynthetic apparatus and, thus,
the excessive formation of reactive oxygen species in the ﬁrst place,
which could otherwise lead to severe damage of chloroplast
membranes and protein complexes [1]. With their ability to scav-
enge free radicals they may also prevent the onset of chronic dis-
eases like cancer or cardiovascular diseases [2]. In Europe, lettuce is
a rich source for phenolic acids [3] and especially red leaf lettuce is
known to contain several ﬂavonoid glycosides and phenolic acids.r@gmx.com (C. Becker).
r Masson SAS. Open access under CC BAmongst others, Llorach et al. [4] found quercetin-3-O-glucoside,
quercetin-3-O-(600-O-malonyl)-glucoside, quercetin-3-O-glucuro-
nide, luteolin-7-O-glucuronide and cyanidin-3-O-(600-O-malonyl)-
glucoside as well as di-O-caffeoyltartaric acid (chicoric acid), 5-O-
caffeoylquinic acid (chlorogenic acid), 3,5-O-dicaffeoylquinic acid
and O-caffeoylmalic acid. For many of these substances health
promoting effects have been published: Quercetin-3-O-(600-O-
malonyl)-glucoside, for example, was observed to have anti-
oxidative and antiatherogenic effects [5], while cyanidin-3-O-(600-
O-malonyl)-glucoside and chicoric acid inhibited lipid peroxidation
and cyclooxigenase enzymes in vitro [6]. Chicoric acid also showed
HIV-integrase inhibitory activity [7]. However, apart from focusing
on effects of single phenolic compounds, interaction effects and
synergisms of dietary phenolic compounds have recently received
increasing attention, in order to elucidate the positive effects of a
diet rich in polyphenols [8]. In this context, a synergistic effect of
chicoric acid and luteolin has been reported [9].
In Central Europe, lettuce is commonly produced in the ﬁeld in
summer but cultivated in greenhouses in the cool seasons. Con-
ventional greenhouses tend to consume large amounts of energyY-NC-ND license.
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rising and increased consumer awareness for the CO2-balance of
food, traditional procedures of crop production have to be re-
evaluated. Strategies to markedly reduce greenhouse energy con-
sumption and fossil CO2 emissions have to be found. One approach
is the application of energy saving screens also during daytime for
better insulation of the greenhouse [10]. These screens can reduce
the amount of energy necessary for heating but, unfortunately, they
also reduce the photosynthetic active radiation (PAR) available for
crops cultivated underneath. This may have adverse effects on yield
and crop quality as photosynthesis may be constrained by lack of
photons, resulting in reduced biomass accumulation, hence yield
loss, and limited substrate availability for the biosynthesis of phy-
tochemicals [11,12].
In general, growth and development of lettuce are slowed down
with decreasing photosynthetic photon ﬂux density (PPFD). Inter-
estingly, in an experiment with open air grown iceberg lettuce,
Sanchez et al. [13] found that growth deﬁcits due to moderate
shading could be compensated for if, afterwards, the plants expe-
rienced regular PPFD for a certain time span before being har-
vested. Lettuce plants suffered most from reduced radiation in the
developmental stage when head formation took place and most of
the biomass was being accumulated. In earlier stages the impact
was not as strong.
The concentration of ﬂavonoids and phenolic acids in crops is
very much inﬂuenced by growing conditions. Lettuce plants
contain a higher concentration of ﬂavonols when grown in the ﬁeld
than when cultivated in a greenhouse [14]. This may to some
extend be explained by differing radiation intensities and spectra
(greenhouse glass absorbs UV radiation). Liu et al. [15] measured a
higher total phenolic content and radical scavenging ability in leaf
lettuce extracts than in extracts of head forming lettuce types. The
cause may be their morphology: In leafy lettuce a larger surface
area is exposed to light. Hohl et al. [16] demonstrated that the
comparably low ﬂavonoid concentration in inner lettuce leaves can
be increased by exposing them to radiation.
Flavonoids and phenolic acids are synthesized via the phenyl-
propanoid pathway, where phenylalanine ammonia-lyase is an
important early enzyme whose expression is light dependent [17].
The phenylpropanoid pathway is closely connected to carbohydrate
metabolism via the shikimate pathway [18]. Accordingly, Arnold
et al. [19] found increased carbohydrate availability to coincide
with higher total phenolics concentrations in poplar (Populus
nigra  Populus deltoides) foliage whereas glucose has also been
found to directly up-regulate phenylpropanoid pathway enzymes
in Arabidopsis thaliana [20]. Consistently, the concentration of ﬂa-
vonoids and phenolic acids in lettuce increases with higher
photosynthetic photon ﬂux density [21]. However, studies on the
effect of shading (i.e. low PPFD) are scarce. A study carried out with
tea (Camellia sinensis L.) leaves found a signiﬁcant decrease of O-
glycosylated ﬂavonol concentration due to shading in comparison
to full sunlight conditions, supported by gene expression analysis of
the respective enzymes of the phenylpropanoid pathway [22]. To
our knowledge, there is no long-term study on the inﬂuence of
shading on ﬂavonoids and phenolic acids in red leaf lettuce: Oh
et al. [21] applied high PPFDs (800 mmol m2 s1) for one day only
and worked with relatively young lettuce plants (ca. 5 weeks old).
In our experiment, we wanted to assess the effect of
shading (mean PPFD of 225 mmol m2 s1 in comparison to
410 mmol m2 s1) on ﬂavonoids and phenolic acids in marketable
lettuce plants. They reached marketable size and head weight after
approximately 9 weeks, our treatments were applied after ﬁve
weeks for fourweeks to gain results of practical relevance.We chose
red oak leaf lettuce for its promising phytochemical proﬁle.
Furthermore, knowing that growth of lettuce plants is less severelyaffected by shading in earlier developmental stages [13], we wanted
to test if this is also true for lettuce ﬂavonoid and phenolic acid
biosynthesis or if earlier gained deﬁcits can be made up for by sub-
sequently higher PPFD. There are indications that thephenolic status
of plants is quite dynamic and reacts to changes in radiation and
availability of carbohydrates, respectively, within several days
[19,23].
We therefore hypothesize that the radiation conditions prior to
harvest have a larger inﬂuence on the concentration of phenolic
compounds than the conditions in earlier developmental stages,
possibly mediated by reducing sugar concentration. To test this
hypothesis, we conducted an experiment in which red oak leaf
lettuce was supplied with different PPFDs in consecutive develop-
mental stages: Some plants were growing shaded or unshaded for
the whole experimental period of four weeks. Others were growing
unshaded the ﬁrst two weeks and then shaded for two weeks or
shaded the ﬁrst two weeks and then two weeks unshaded. The
experiment was conducted in growth chambers in order to strictly
separate the effects of temperature and radiation because they are
known to strongly interact.
2. Material and methods
2.1. Plant growth
At bothharvest dates the plantswereweighed to obtain the head
mass. Values for head mass are given in gram fresh matter (FM).
2.2. Plant cultivation
Red oak leaf lettuce (Lactuca sativa L. var. crispa L. cv. Eventai RZ,
Rijk Zwaan, De Lier, The Netherlands) was sown in rockwool cubes
(4 cm 4 cm 4 cm), kept at ca. 10 C for two days for germination
and subsequently grown in a conventional greenhouse until the
experiment started. When plants had developed six or seven true
leaves (5 weeks after sowing) they were transferred into growth
chambers (Yorck, Mannheim, Germany) where they were grown
hydroponically using Deep Flow Technique, in three growth cham-
bers simultaneously. The nutrient solution was prepared according
to Sonneveld and Straver [24] and exchanged and analyzed for
macronutrients every week. The air temperature was 20 C during
daytime and 15 C at night. Relative humidity was 85e90% during
daytime and 80% at night. Radiationwas supplied by high-pressure
sodium discharge lamps SON-T PLUS 400 W (Philips, Amsterdam,
The Netherlands). In each growth chamber half of the plants were
grownunder a net (mesh size: 0.25 cm2)which reduced the PPFD on
average by 45%.Mean PPFDwas 410 mmolm2 s1 for the uncovered
plants and 225 mmol m2 s1 under the net, as measured with a
portable light meter LI-250 (LI-COR Inc., Lincoln, Nebraska, USA).
The light cycle consisted of four elements: 11 h of darkness, 0.5 h of
dawnwhen only some of the lamps were switched on, 12 h of light
and another 0.5 h of twilight. When the plants had been growing
inside the chambers for two weeks, one third of them were
exchanged between treatments, one third was harvested and one-
third stayed in their treatments. After four weeks all remaining
plants were harvested. Thus, after four weeks there were the
following four treatments: shaded, unshaded, ﬁrst shaded then
unshaded and ﬁrst unshaded then shaded.
2.3. Sample preparation
A mixed sample from ﬁve plants was prepared for each treat-
ment, only limp or deteriorated outer leaves were removed. Within
30min after harvesting the plants were cut in smaller pieces, mixed
and frozen at 20 C. For sugar analysis, 15 g of fresh matter per
Table 1
Head mass of red oak leaf lettuce cultivated in different PPFDs two and four weeks
after planting, respectively, given in gram fresh matter (FM). Identical letters behind
the values indicate that these treatments do not differ signiﬁcantly (two-way
ANOVA: F-test; factor 1: radiation treatments, factor 2: growth chambers as block
effect; Tukey test; a ¼ 0.05, n ¼ 3).
Harvest “Unshaded” “First shaded
then unshaded”
“First unshaded
then shaded”
“Shaded”
2 weeks after
planting
79  11a 78  10a
4 weeks after
planting
290  38a 308  29a 274  41b 253  36b
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phenolics analysis, about 300e400 g of fresh matter were deep
frozen and then lyophilized (Christ Beta 1-16, Osterode, Germany)
and ground with an ultracentrifuge mill (hole size: 0.25 mm; ZM
200, Retsch, Haan, Germany). Weight before and after lyophiliza-
tionwas compared to obtain information about dry matter content.
These values are given as g DM per 100 g FM (percent).
2.4. Analyses of phenolic compounds
The well-established HPLCeDADeESI-MS method for the
determination of ﬂavonoids and phenolic acids in kale, reported by
Neugart et al. [25] was optimized for lettuce. Best results were
obtained by extracting 0.5 g of lyophilized, pulverized lettuce
powder with 25 ml of aqueous methanol (50% MeOH) at room
temperature. The suspension was kept in motion with a magnetic
stirrer for 1.5 h and then centrifuged (Labofuge 400R, Heraeus In-
struments, Thermo Fisher Scientiﬁc, Waltham, USA) for 15 min at
4500 rcf (relative centrifugal force). The supernatant was ﬁltered
with PTFE-syringe ﬁlters (0.25 mm, polytetraﬂuoroethylene; Roth,
Karlsruhe, Germany) transferred to a glass vial and analyzed via
HPLCeDADeESI-MS3.
The anthocyanin extracts were prepared similarly to themethod
applied to ﬂavonols, except for a slightly different composition of
the extraction agent and a shorter extraction time: The extraction
agent was acidiﬁed aqueous methanol (40% MeOH, 10% acetic acid)
with a pH value of 2.6. Extraction of anthocyanin glycosides took
15 min.
The system used for analysis consists of an Agilent HPLC series
1100 (Agilent, Waldbronn, Germany), containing of a degasser,
binary pump, autosampler, thermostat and a photodiode array
detector (DAD). The components were separated on a Prodigy
column (ODS 3, 150  3 mm, 5 mm, 100 Å; Phenomenex, Aschaf-
fenburg, Germany) with a security guard C18 (ODS 3, 4  3 mm,
5 mm, 100 Å) at 30 C using a water/acetonitrile gradient. Solvent A
consisted of 99.5% water and 0.5% acetic acid (Merck, Darmstadt,
Germany) whereas solvent B was 100% acetonitrile (ACN; J.T.
Baker, Deventer, The Netherlands). Two separate gradients were
used for ﬂavonol glycosides and phenolic acids (gradient 1) and
anthocyanins (gradient 2), respectively. Gradient 1 held the
following percentages of ACN: 7e9% (10 min), 9e12% (20 min),
12e15% (55 min), 15e50% (5 min), 50% isocratic (5 min), 50e7%
(5 min), isocratic 7% (3 min). Gradient 2 was distinctly shorter:
10e50% B (10 min), 50% B isocratic (10 min), 50e10% B (5 min) and
10% B isocratic (5 min). Flow rate in both gradients was 0.4 ml/
min. Flavonol glycosides and phenolic acids were detected in the
mass spectrometer as deprotonated molecular ions and charac-
teristic mass fragment ions using an Agilent series 1100 MSD (ion
trap) with ESI as ion source in negative mode. Nitrogen served as
dry gas (10 l/min; 350 C) and nebulizer gas (40 psi). Helium was
used as collision gas in the ion trap. Mass optimization was per-
formed for quercetin-3-O-glucoside [M  H] m/z. However,
anthocyanin glycosides were identiﬁed using the positive mode.
Identiﬁcation of the compounds was achieved by comparing
retention time, absorption maxima and mass spectra to that of
standard substances, when available, or to literature data (DuPont
et al., 2000; Llorach et al., 2008). Standard substances were pur-
chased at Carl Roth GmbH (Karlsruhe, Germany; quercetin-3-O-
glucoside, 5-O-caffeoylquinic acid) and SigmaeAldrich GmbH
(Munich, Germany; quercetin-3-O-glucuronide, di-O-caffeoyltar-
taric acid, cyanidin-3-O-glucoside).
The DAD was used for quantiﬁcation, using the detection
wavelengths 330 nm (phenolic acids), 350 nm (ﬂavonol glycosides)
and 520 nm (anthocyanin glycosides). External calibration curves
were prepared in the respective relevant concentrations, using thestandard substances where available. Cyanidin and quercetin-3-O-
malonylglucosides were quantiﬁed as their respective 3-O-gluco-
side equivalents. Caffeoylmalic acid is presented as 5-O-caffeoyl-
quinic acid equivalents. Values are given in milligram per gram dry
matter (DM).
2.5. Analyses of reducing sugars
Glucose and fructose concentration were analyzed from fresh
matter using an enzymatic kit (R-Biopharm AG, Darmstadt, Ger-
many). For this purpose, water was added to the fresh matter, the
mixture was homogenized, heated, and cooled again before the
enzymes were added according to the kit’s instructions. The
NADPH formed during the enzymatic reactions was measured
photometrically (spectrophotometer DU 650, BECKMAN COULTER
GmbH, Krefeld, Germany) at 340 nm. Values are given in milligram
per gram DM.
2.6. Statistical analyses
In order to detect signiﬁcant differences between the radiation
treatment, a two-way ANOVA was performed (F-test; factor 1: ra-
diation treatments, factor 2: growth chambers as block effect) fol-
lowed by Tukey’s Honest Signiﬁcant Difference (HSD) test.
Correlation analyses were evaluated using the Student’s t-test. A
signiﬁcance level of a ¼ 0.05 was set. We treated each growth
chamber as one sample to obtain three true biological replicates.
Calculations were carried out using STATISTICA (version 10, Statsoft
Inc., Tulsa, USA).
3. Results and discussion
3.1. Plant growth
After two weeks of cultivation in the growth chambers, mean
head mass of the unshaded plants did not differ signiﬁcantly from
that of plants growing shaded (Table 1). However, after four weeks
of cultivation, the unshaded lettuce plants had gained a signiﬁ-
cantly higher mean head mass per plant than the shaded ones
(Table 1). The head mass of the plants that grew ﬁrst shaded then
unshaded did not differ signiﬁcantly from that of the unshaded
plants, but from both the shaded ones and those ﬁrst unshaded
then shaded (Table 1). Head mass of the latter was signiﬁcantly
lower than headmass of those growing ﬁrst shaded then unshaded.
The results on headmass are inlinewith the results of Sanchez et al.
[13]. In their study, they also found that in early developmental
stages plants are not as sensitive against reduced radiation as in
later stages when head formation takes place and most of the
biomass is being accumulated.
We found no signiﬁcant difference concerning dry matter con-
tent of lyophilized samples between the treatments, only between
harvest dates. Mean dry matter content was 8.77  0.84 and
5.89  0.58% after two and four weeks of cultivation, respectively.
Table 2
Concentrations of ﬂavonol and anthocyanin glycosides as well as of phenolic acids in
red oak leaf lettuce two weeks after planting (n ¼ 3). Identical letters behind the
values indicate that these treatments do not differ signiﬁcantly (two-way ANOVA: F-
test; factor 1: radiation treatments, factor 2: growth chambers as block effect; Tukey
test; a ¼ 0.05).
Compound Concentration
(mg (g DM)1)
“Unshaded” “Shaded”
Flavonol and ﬂavone glycosides
Quercetin-3-O-(600-O-malonyl)-glucoside 2.26a 1.68b
Quercetin-3-O-glucuronide/Luteolin-7-O-glucuronide 1.00a 0.72b
Quercetin-3-O-glucoside 0.53a 0.43b
Anthocyanin glycosides
Cyanidin-3-O-(600-O-malonyl)-glucoside 1.01a 0.88a
Phenolic acids
Di-O-caffeoyltartaric acid 5.70a 4.84a
5-O-caffeoylquinic acid 0.66a 0.59a
Caffeoylmalic acid 0.17a 0.16a
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In our HPLCeDADeESI-MS3 analyses of ﬂavonol, ﬂavone and
anthocyanin glycosides and phenolic acids in red oak leaf lettuce
we identiﬁed three quercetin glycosides, one luteolin glycoside, one
cyanidin glucoside and several caffeic acid derivatives. The main
phenolic compound was chicoric acid (di-O-caffeoyltartaric acid),
followed by quercetin-3-O-(600-O-malonyl)-glucoside and cyanidin-
3-O-(600-O-malonyl)-glucoside, quercetin-3-O-glucuronide, luteo-
lin-7-O-glucuronide, chlorogenic acid (5-O-caffeoylquinic acid),
quercetin-3-O-glucoside and caffeoylmalic acid. These compounds
were previously reported for red leaf lettuce [4,14,26]. Quercetin-3-
O-glucuronide and luteolin-7-O-glucuronide co-eluted and were
quantiﬁed as sum. Mass spectrometric data suggests they in
average contribute in equal shares to the peak monitored via DAD.
This is in line with data obtained by DuPont et al. [26] using HPLC
after a comprehensive sample preparation.
3.2.1. Flavonol and anthocyanin glycosides
After four weeks of cultivation, we detected a signiﬁcant inﬂu-
ence of the radiation treatment on all glycosides of quercetin and
luteolin (Fig.1). The plants growing unshaded all the time displayed
a signiﬁcantly higher concentration of quercetin-3-O-(600-O-
malonyl)-glucoside, quercetin-3-O-glucuronide/luteolin-7-O-glucu
ronide, and quercetin-3-O-glucoside than those growing shaded all
the time. Interestingly, there were no signiﬁcant differences be-
tween the plants growing unshaded only for the last twoweeks and
those growing unshaded all the time. After two weeks of cultiva-
tion, the shaded plants already contained a lower concentration of
quercetin and luteolin glycosides than their unshaded counterparts
(Table 2). Nevertheless, after being transferred to the unshaded
treatment, they were able to fully compensate this deﬁcit until the
second harvest date. Consistently, there was no signiﬁcant differ-
ence detectable regarding quercetin and luteolin glycoside con-
centration of plants that were shaded all the time and those shaded
only for the last two weeks.
After two weeks, plants had higher concentrations of ﬂavonoid
glycosides and phenolic acids than after four weeks (Table 2,
Figs. 1 and 2). Unfortunately we cannot say if the biosynthesis of
phenolics was higher in younger plants than in older ones or if we
just see a dilution effect. According to Hohl et al. [16] lettuce
leaves only synthesize ﬂavonoids when directly exposed to radi-
ation. Hence, a dilution effect might occur in larger heads where a0.0
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Fig. 1. Concentrations of ﬂavonoid glycosides related to dry matter (DM) of red oak leaf
lettuce, cultivated for four weeks under different light conditions. Q-3-G: quercetin-3-
O-glucoside, Q-3-MG: quercetin-3-O-(600-O-malonyl)-glucoside, Q-3-Gc/L-7-Gc: quer-
cetin-3-O-glucuronide/luteolin-7-O-glucuronide, Cy-3-MG: cyanidin-3-O-(600-O-
malonyl)-glucoside. For each compound, identical letters on top of bars show that
these treatments do not differ signiﬁcantly (n ¼ 3; Tukey test, a ¼ 0.05).larger percentage of leaves is not directly exposed to radiation:
Even if the outer leaves synthesize ﬂavonoids at the same rate like
in younger plants, the overall concentration will be lower.
The higher concentration of quercetin and luteolin glycosides in
the plants exposed to a higher PPFD is in agreement with data in
the literature [1,21,22]. After four weeks, the shaded plants have a
34% lower concentration of quercetin-3-O-(600-O-malonyl)-gluco-
side and of quercetin-3-O-glucuronide/luteolin-7-O-glucuronide
than the unshaded plants as well as 14% lower concentration of
quercetin-3-O-glucoside (Fig. 1). This decrease is remarkable as it
indicates a very close coupling of radiation intensity and O-glyco-
sylated ﬂavonol biosynthesis, even at low light intensities. The
PPFD in our experiment was chosen to try to mimic light conditions
in spring in Central Europe and was not exerting light stress on the
plants [27]. However, evenwithout stress factors, photosynthesis is
continuously accompanied by the production of reactive oxygen
species (ROS) and it is crucial for plants to maintain generation and
removal of ROS in a ﬁnely tuned equilibrium as they also act as
signaling molecules [28]. Different stress factors result in the for-
mation of different ROS types in plant cells. Superoxide radicals
(O2.) for example, are formed by one-electron reduction of mo-
lecular oxygen by the plants’ photosystem I or components of the
electron transport chain [28]. In response to intensive solar radia-
tion or drought stress, especially those ﬂavonoid species which
very efﬁciently quench superoxide radicals increase in leaves [29].
Singlet oxygen (1O2) on the other hand, is formed by energy
transfer on molecular triplet oxygen, when chlorophyll of photo-
system II is in triplet state due to insufﬁcient energy dissipation0.0
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Fig. 2. Concentration of chicoric acid (di-O-caffeoyltartaric acid), chlorogenic acid (5-
O-caffeoylquinic acid) and caffeoylmalic acid related to dry matter (DM) of red oak leaf
lettuce, cultivated for four weeks under different light conditions. Identical letters on
top of bars show that these treatments do not differ signiﬁcantly (n ¼ 3; Tukey test,
a ¼ 0.05).
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manent by-product of photosynthesis even under low-light con-
ditions [30]. Quercetin is known to have a high antioxidant activity
[31] andmight therefore be synthesized by plants to counteract the
formation of ROS, probably in concert with other chloroplast
located antioxidants like tocopherol and carotenoids [32]. Because
our results suggest a close connection between PPFD and the
concentration of quercetin glycosides under low-light conditions, it
might be very interesting to compare their capacity to quench
singlet oxygen to that of the other phenolic components.
Regarding the concentration of cyanidin-3-O-(600-O-malonyl)-
glucoside, the anthocyanin glycoside we detected, we found no
signiﬁcant differences between the plants cultivated under
different radiation regimes, neither at the ﬁrst harvest date
(Table 2) nor at the second harvest date (Fig. 1). Unlike the ﬂavonol
and ﬂavone glycosides’, the concentration of anthocyanin glyco-
sides was not signiﬁcantly inﬂuenced by the PPFDs we applied. The
explanation for the low-key impact on the anthocyanin concen-
tration may be that anthocyanins are known for protecting the
photosynthetic apparatus against excess radiation under stressfully
high intensities [33]. However, we only applied non-stressful
400 mmol m2 s1 in the unshaded treatment [27].
Moreover, the artiﬁcial radiation in the growth chambers sup-
plied only low percentage of UV radiation: UV A (315e
380 nm)¼ 0.7% andUV B (280e315 nm)¼ 0%, respectively, whereas
about 80% were in the PAR waveband and 19% near infrared. These
radiation conditions correspond well to those in conventional
greenhouses. Nevertheless, especially UV B is considered to be
biologically active [25]. Previously published results indicate a
strong susceptibility of red leaf lettuce anthocyanin biosynthesis to
UV radiation [23]. Both, the generally non-stressful PPFD and the
low intensity of UV radiation in our experimentmayexplainwhywe
did not detect a signiﬁcant impact of radiation intensity.
Regarding structure, the three quercetin glycosides we
measured comprise the same aglycone (quercetin) but differ in their
sugar moieties (glucoside and glucuronide) and type of acylation
(non-acylated and mono-acylated glycosides). The mono-acylated
glycoside (quercetin-3-O-(600-O-malonyl)-glucoside) reacted stron-
ger to radiation than the non-acylated glycoside (quercetin-3-O-
glucoside): Compared to the unshaded plants, the concentration of
mono-acylated glycoside was 34% lower in shaded plants while the
concentration of non-acylated glycoside was only 14% lower.
Furthermore, the carboxyl group in the glucuronides (quercetin-3-
O-glucuronide/luteolin-7-O-glucuronide) seems to enhance the
response to shading in a similar way (34% lower concentration in
shaded plants). In addition, two of the investigated ﬂavonoid gly-
cosides comprise the same kind of acylation (malonyl glycoside) but
differ in their aglycones (quercetin and cyanidin) resulting in a
different response to radiation.
Because of minor or major differences in structure, different
ﬂavonoid aglycones and glycosidic moieties, with or without acyl-
ation, might prove suitable to counteract different types of oxida-
tive challenges within plants. Structureeantioxidant activity
relationships have been reported for non-acylated and acylated
ﬂavonol glycosides in kale, differing either in their aglycone
structure, their number of glycoside substituents or the kind of
acylation [34,35].
3.2.2. Phenolic acids
The different radiation conditions had no signiﬁcant impact on
the concentration of any of the three phenolic acids, neither at the
ﬁrst (Table 2) nor at the second harvest date (Fig. 2). This is in line
with results published by Agati and Tattini [1] who also did not ﬁnd
any effect of different radiation treatments (PAR or UV) on
hydroxycinnamic acid concentrations in leaves of Ligustrumvulgare. Nevertheless, they detected a distinct enhancing effect of
radiation, no matter which wavelengths and proportions, on the
quercetin concentration. Other studies also showed diverging re-
sponses of ﬂavonol glycosides and phenolic acids to radiation
conditions [21,22].
Chlorogenic acid, chicoric acid and caffeoylmalic acid mainly
absorb radiation in the UV not in visible wavebands (data fromDAD
spectra) and it has been reported that the phenolic acids present in
lettuce have a lower antioxidant capacity than the quercetin and
cyanidin derivatives [36]. Thus, their function in the plant might
primarily be physical UV protection and not so much chemical
radical scavenging and their biosynthesis might be ﬁrst and fore-
most triggered by UV radiation and not so much by PAR. Accord-
ingly, García-Macías et al. [36] measured an increase in phenolic
acid concentration in red leaf lettuce exposed to UV radiation as
compared to plants cultivated under UV blocking ﬁlms. Hence, the
lack of increase of phenolic acids (that we expected in reaction to
the higher PPFD) in our experiment might also be due to the arti-
ﬁcial light in the growth chambers having only a relatively small
fraction in the UV waveband. The relatively higher UV radiation in
the unshaded treatment might still have been too low to enhance
phenolic acid biosynthesis.
Our results show that, although closely related in their biosyn-
thesis and ecological relevance [18], phenolic acids and ﬂavonoid
glycosides have very differentiated regulation mechanisms. This
has been suggested previously by Tattini et al. [29] who detected a
radiation induced change in the ratio of ﬂavonoids to hydroxycin-
namic acids in L. vulgare leaves.
3.3. Reducing sugars
We measured the concentration of fructose and glucose of the
plants to see if correlation analyses allows for establishing a
connection between the concentration of available photosynthetic
products and the concentration of phenolic compounds. The data
from glucose and fructose measurement were combined and
considered as reducing sugars. At the ﬁrst harvest date concen-
tration of reducing sugars was not signiﬁcantly different between
the unshaded (43.3  5.6 mg (g DM)1) and the shaded
(42.0  2.3 mg (g DM)1) plants. At the second harvest date, con-
centration of reducing sugars was signiﬁcantly higher in unshaded
plants (68.1  5.5 mg (g DM)1) than in shaded plants
(45.0  1.0 mg (g DM)1). There was no difference between plants
growing unshaded only for the last two weeks (68.0  6.6 mg (g
DM)1) and those growing unshaded all the time. Plants growing
shaded for the last two weeks contained 53.8  7.2 mg (g DM)1.
The correlation analyses (Fig. 3) showed a signiﬁcant correla-
tion between the concentration of reducing sugars and the con-
centration of quercetin-3-O-glucuronide/luteolin-7-O-glucuronide
(r2 ¼ 0.99) as well as quercetin-3-O-(600-O-malonyl)-glucoside
(r2 ¼ 0.96). Between the concentration of reducing sugars and
quercetin-3-O-glucoside as well as cyanidin-3-O-(600-O-malonyl)-
glucoside (r2 ¼ 0.72 and r2 ¼ 0.86, respectively) no signiﬁcant
correlation could be detected. However, especially regarding cya-
nidin-3-O-(600-O-malonyl)-glucoside, the relatively high r2- and
low p-value, respectively, indicate that this might be due to our
small number of replicates.
There was no close correlation between the concentration of
reducing sugars and the concentration of any of the studied
phenolic acids (chicoric acid: r2 ¼ 0.36, chlorogenic acid: r2 ¼ 0.48,
and caffeoylmalic acid: r2 ¼ 0.14).
Arnold et al. [19] found increased carbohydrate availability to
coincide with higher concentrations of total phenolic compounds
in poplar leaves. Our results are more detailed and only partly in
line with this study. The close correlation of the quercetin-/luteolin
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the reducing sugar concentration indicates a close metabolic
connection between the plants’ photosynthetic rates and the
biosynthesis of these ﬂavonoid glycosides. The corresponding
regulation mechanism could simply be a feedback from a well-
ﬁlled carbon pool due to enhanced photosynthesis, leading to
larger allocation of the available carbon into secondarymetabolism.
The phenylpropanoid pathway is closely connected to carbohydrate
metabolism via the shikimate pathway [18]. However, not all of the
studied phenolic compounds showed the same degree of correla-
tion, suggesting a more sophisticated mechanism.
An alternative explanation suggests a more speciﬁc regulation:
Glucose is known to act as signaling molecule in several circum-
stances, for example in the regulation of phenylalanine ammonia-
lyase (PAL) and chalcone synthase (CHS) gene expression [20].
Thus, the increased concentration of glucose in unshaded lettuce
plants of our experiment might have directly mediated expression
of genes associated with quercetin and luteolin biosynthesis and
speciﬁc glycosylation, respectively. Instead of indirectly affecting
secondary metabolism via availability of carbohydrates, glucose
might directly increase the concentration of certain ﬂavonoid
glycosides.
Larronde et al. [37] found a close correlation between antho-
cyanin and sugar concentration in grape berries (Vitis vinifera L.)
and discussed a sugar-dependent expression of chalcone synthase
with a hexokinase as sugar sensor. In our experiment, this rela-
tionship was not conﬁrmed. This is possibly due to species-related
and functional differences between lettuce leaves (vegetative or-
gans) and grape berries (reproductive organs). Additionally,
different light spectra in the respective experiments might again
play a pivotal role.4. Conclusions
Our results conﬁrm our hypothesis that radiation conditions
prior to harvest have a larger impact on the concentration of
phenolic substances in marketable lettuce heads than the condi-
tions in earlier weeks, at least for the ﬂavonol and ﬂavone glyco-
sides. We detected a close correlation between the concentration of
some ﬂavonoid glycosides and of reducing sugars which corrobo-
rates a possible role of reducing sugars in ﬂavonoid biosynthesis
regulation. We want to emphasize that none of the three studied
groups of health promoting phenolic compounds displayed
permanently reduced concentrations due to temporary reduction
of PPFD. This suggests that it is well possible to save considerable
amounts of energy for heating in greenhouses by applyingtransparent daytime energy saving screens during the ﬁrst weeks
of lettuce cultivation in the cool season without experiencing sig-
niﬁcant losses in health promoting phenolic substances or yield.
However, these results would have to be conﬁrmed in the green-
house under practical conditions before being recommended to
producers. To further elucidate the mechanism behind this, it
would be interesting to study the expression of certain enzymes
and genes of the ﬂavonoid and phenolic acid biosynthetic pathway
in lettuce as well as the single phenolics’ ability to scavenge
different radicals.
Acknowledgements
This research was supported by the German Federal Ministry for
Environment, Nature Conservation and Nuclear Safety and the
Rentenbank managed by the Federal Ministry of Food, Agriculture
and Consumer Protection with the assistance of the Federal Agency
for Agriculture and Food. We would like to thank Ingo Hauschild,
Kersten Maikath, Uwe Kunert, Ingrid Rathenow, Ursula Zentner,
Angela Schmidt, and Elke Büsch very much for their valuable help
and support.
References
[1] G. Agati, M. Tattini, Multiple functional roles of ﬂavonoids in photoprotection,
New Phytologist 186 (2010) 786e793.
[2] A. Scalbert, G. Williamson, Dietary intake and bioavailability of polyphenols,
The Journal of Nutrition, Supplement (2000) 2073Se2085S.
[3] M.N. Clifford, Chlorogenic acids and other cinnamates e nature, occurrence,
dietary burden, absorption and metabolism, Journal of the Science of Food and
Agriculture 80 (2000) 1033e1043.
[4] R. Llorach, A. Martínez-Sánchez, F.A. Tomás-Barberán, M.I. Gil, F. Ferreres,
Characterisation of polyphenols and antioxidant properties of ﬁve lettuce
varieties and escarole, Food Chemistry 108 (2008) 1028e1038.
[5] B. Enkhmaa, K. Shiwaku, T. Katsube, K. Kitajima, E. Anuurad, M. Yamasaki,
Y. Yamane, Mulberry (Morus alba L.) leaves and their major ﬂavonol quercetin
3-(6-malonylglucoside) attenuate atherosclerotic lesion development in LDL
receptor-deﬁcient mice, The Journal of Nutrition 135 (2005) 729e734.
[6] V. Mulabagal, M. Ngouajio, A. Nair, Y. Zhang, A.L. Gottumukkala, M.G. Nair,
Vitro evaluation of red and green lettuce (Lactuca sativa) for functional food
properties, Food Chemistry 118 (2010) 300e306.
[7] S.U. Lee, C.-G. Shin, C.-K. Lee, Y.S. Lee, Caffeoylglycolic and caffeoylamino acid
derivatives, halfmers of l-chicoric acid, as new HIV-1 integrase inhibitors,
European Journal of Medicinal Chemistry 42 (2007) 1309e1315.
[8] M. D’Archivio, C. Filesi, R. Varì, B. Scazzocchio, R. Masella, Bioavailability of the
polyphenols: status and controversies, International Journal of Molecular
Sciences 11 (2010) 1321e1342.
[9] C.M. Park, K.-S. Jin, Y.-W. Lee, Y.S. Song, Luteolin and chicoric acid synergis-
tically inhibited inﬂammatory responses via inactivation of PI3K-Akt pathway
and impairment of NF-kB translocation in LPS stimulated RAW 264.7 cells,
European Journal of Pharmacology 660 (2011) 454e459.
[10] L.S. Marsh, L.D. Albright, R.W. Langhans, Strategies for controlling greenhouse
thermal screens, Acta Horticulturae (1984) 453e459.
[11] J.M. Frantz, B. Bugbee, Acclimation of plant populations to shade: photosyn-
thesis, respiration, and carbon use efﬁciency, Journal of the American Society
for Horticultural Science 130 (2005) 918e927.
[12] M.P. Gent, Modeling the effect of nutrient solution composition and irradiance
on accumulation of nitrate in hydroponic lettuce, in: III International Sym-
posium on Models for Plant Growth, Environmental Control and Farm Man-
agement in Protected Cultivation, vol. 718, 2006, pp. 469e476.
[13] C.A. Sanchez, R.J. Allen, B. Schaffer, Growth and yield of crisphead lettuce
under various shade conditions, Journal of the American Society for Horti-
cultural Science 114 (1989) 884e890.
[14] A. Romani, P. Pinelli, C. Galardi, G. Sani, A. Cimato, D. Heimler, Polyphenols
in greenhouse and open-air grown lettuce, Food Chemistry 79 (2002)
337e342.
[15] X. Liu, S. Ardo, M. Bunning, J. Parry, K. Zhou, C. Stushnoff, F. Stoniker, L. Yu,
P. Kendall, Total phenolic content and DPPH radical scavenging activity of
lettuce (Lactuca sativa L.) grown in Colorado, LWT e Food Science and
Technology 40 (2007) 552e557.
[16] U. Hohl, B. Neubert, H. Pforte, I. Schonhof, H. Böhm, Flavonoid concentrations
in the inner leaves of head lettuce genotypes, European Food Research and
Technology 213 (2001) 205e211.
[17] A. Leyva, J.A. Jarillo, J. Salinas, J.M. Martinezzapater, Low temperature induces
the accumulation of phenylalanine ammonia lyase and chalcone synthase
messenger RNAs of Arabidopsis thaliana in a light dependant manner, Plant
Physiology 108 (1995) 39e46.
C. Becker et al. / Plant Physiology and Biochemistry 72 (2013) 154e160160[18] A. Crozier, M.N. Clifford, H. Ashihara, Plant Secondary Metabolites: Occur-
rence, Structure and Role in the Human Diet, second ed., Blackwell Publishing,
2007.
[19] T. Arnold, H. Appel, V. Patel, E. Stocum, A. Kavalier, J. Schultz, Carbohydrate
translocation determines the phenolic content of Populus foliage: a test of the
sink-source model of plant defense, New Phytologist 164 (2004) 157e164.
[20] W. Xiao, J. Sheen, J.-C. Jang, The role of hexokinase in plant sugar signal
transduction and growth and development, Plant Molecular Biology 44 (2000)
451e461.
[21] M.-M. Oh, E.E. Carey, C.B. Rajashekar, Environmental stresses induce health-
promoting phytochemicals in lettuce, Plant Physiology and Biochemistry 47
(2009) 578e583.
[22] Y. Wang, L. Gao, Y. Shan, Y. Liu, Y. Tian, T. Xia, Inﬂuence of shade on ﬂavonoid
biosynthesis in tea (Camellia sinensis (L.) O. Kuntze), Scientia Horticulturae
141 (2012) 7e16.
[23] E. Tsormpatsidis, R.G.C. Henbest, N.H. Battey, P. Hadley, The inﬂuence of ul-
traviolet radiation on growth, photosynthesis and phenolic levels of green and
red lettuce: potential for exploiting effects of ultraviolet radiation in a pro-
duction system, Annals of Applied Biology 156 (2010) 357e366.
[24] C. Sonneveld, N. Straver, Nutrient Solutions for Vegetables and Flowers Grown
in Water or Substrates (1988), p. 16.
[25] S. Neugart, M. Zietz, M. Schreiner, S. Rohn, L.W. Kroh, A. Krumbein, Struc-
turally different ﬂavonol glycosides and hydroxycinnamic acid derivatives
respond differently to moderate UV-B radiation exposure, Physiologia Plan-
tarum 145 (2012) 582e593.
[26] S.M. DuPont, Z. Mondin, G. Williamson, K.R. Price, Effect of variety, processing
and storage on the ﬂavonoid glycoside content and composition of lettuce and
endive, Journal of Agricultural and Food Chemistry 48 (2000) 3957e3964.
[27] W. Fu, P. Li, Y. Wu, Effects of different light intensities on chlorophyll ﬂuo-
rescence characteristics and yield in lettuce, Scientia Horticulturae 135 (2012)
45e51.[28] K. Apel, H. Hirt, Reactive oxygen species: metabolism, oxidative stress, and
signal transduction, Annual Review of Plant Biology 55 (2004) 373e399.
[29] M. Tattini, C. Galardi, P. Pinelli, R. Massai, D. Remorini, G. Agati, Differential
accumulation of ﬂavonoids and hydroxycinnamates in leaves of Ligustrum
vulgare under excess light and drought stress, New Phytologist 163 (2004)
547e561.
[30] F. Buchert, C. Forreiter, Singlet oxygen inhibits ATPase and proton trans-
location activity of the thylakoid ATP synthase CF1CFo, FEBS Letters 584
(2010) 147e152.
[31] C. Rice-Evans, N. Miller, G. Paganga, Antioxidant properties of phenolic
compounds, Trends in Plant Science 2 (1997) 152e159.
[32] G. Agati, P. Matteini, A. Goti, M. Tattini, Chloroplast-located ﬂavonoids can
scavenge singlet oxygen, New Phytologist 174 (2007) 77e89.
[33] K. Gould, K. Davies, C. Wineﬁeld, Anthocyanins, Springer Science þ Business
Media, LLC, New York, 2009.
[34] M. Zietz, A. Weckmüller, S. Schmidt, S. Rohn, M. Schreiner, A. Krumbein,
L.W. Kroh, Genotypic and climatic inﬂuence on the antioxidant activity of
ﬂavonoids in kale (Brassica oleracea var. sabellica), Journal of Agricultural and
Food Chemistry 58 (2010) 2123e2130.
[35] M. Fiol, S. Adermann, S. Neugart, S. Rohn, C. Mugge, M. Schreiner,
A. Krumbein, L.W. Kroh, Highly glycosylated and acylated ﬂavonols isolated
from kale (Brassica oleracea var. sabellica) e structureeantioxidant activity
relationship, Food Research International 47 (2012) 80e89.
[36] P. García-Macías,M.Ordidge, E. Vysini, S.Waroophan, N.H. Battey,M.H. Gordon,
P. Hadley, P. John, J.A. Lovegrove, A. Wagstaffe, Changes in the ﬂavonoid and
phenolic acid contents and antioxidant activity of red leaf lettuce (Lollo Rosso)
due to cultivation under plastic ﬁlms varying in ultraviolet transparency,
Journal of Agricultural and Food Chemistry 55 (2007) 10168e10172.
[37] F. Larronde, S. Krisa, A. Decendit, C. Cheze, J.M. Merillon, Regulation of poly-
phenol production in Vitis vinifera cell suspension cultures by sugars, Plant
Cell Reports 17 (1998) 946e950.
